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The ubiquitin-dependent N-end rule pathway relates the in vivo
half-life of a protein to the identity of its N-terminal residue. This
proteolytic system is present in all organisms examined and has
been shown to have a multitude of functions in animals and fungi.
In plants, however, the functional understanding of the N-end rule
pathway is only beginning. The N-end rule has a hierarchic struc-
ture. Destabilizing activity of N-terminal Asp, Glu, and (oxidized)
Cys requires their conjugation to Arg by an arginyl–tRNA–protein
transferase (R-transferase). The resulting N-terminal Arg is recog-
nized by the pathway’s E3 ubiquitin ligases, called ‘‘N-recognins.’’
Here, we show that the Arabidopsis R-transferases AtATE1 and
AtATE2 regulate various aspects of leaf and shoot development.
We also show that the previously identified N-recognin PROTEOL-
YSIS6 (PRT6) mediates these R-transferase-dependent activities.
We further demonstrate that the arginylation branch of the N-end
rule pathway plays a role in repressing the meristem-promoting
BREVIPEDICELLUS (BP) gene in developing leaves. BP expression is
known to be excluded from Arabidopsis leaves by the activities of
the ASYMMETRIC LEAVES1 (AS1) transcription factor complex and
the phytohormone auxin. Our results suggest that AtATE1 and
AtATE2 act redundantly with AS1, but independently of auxin, in
the control of leaf development.
arginine transferase  plant  protein degradation
In eukaryotes, the control of protein stability is carried outlargely by the ubiquitin (Ub) system, which mediates the
conjugation of the 8-kDa protein Ub to target proteins, marking
them for proteolysis. The selectivity of ubiquitylation is mediated
primarily by E3 Ub ligases, which recognize specific degradation
signals (degrons) of substrate proteins (1). Regulated proteolysis
by the Ub system underlies just about every cellular and organ-
ismal function in eukaryotes. In plants, Ub-dependent processes
play major and diverse roles, including the regulation of signaling
by phytohormones, such as auxin, gibberellins, and jasmonic
acid (2).
An essential determinant of one class of degrons, called
‘‘N-degrons,’’ is a substrate’s destabilizing N-terminal residue.
The set of destabilizing residues yields a rule, called the ‘‘N-end
rule,’’ which relates the in vivo half-life of a protein to the
identity of its N-terminal residue (3–6). The N-end rule has a
hierarchic structure (Fig. 1). In eukaryotes, N-terminal Asn and
Gln are tertiary destabilizing residues in that they function
through enzymatic deamidation to yield the secondary destabi-
lizing residues Asp andGlu. The activity of Asp andGlu, and also
of (oxidized) Cys, requires their conjugation by arginyl–tRNA–
protein transferase (R-transferase) to Arg, one of the primary
destabilizing residues (Fig. 1) (4, 5, 7). Whereas in both the yeast
Saccharomyces cerevisiae and the mouse, an R-transferase is
encoded by a single gene (7, 8), the model plant Arabidopsis
thaliana contains 2 closely related R-transferases: AtATE1
(At5g05700) and AtATE2 (At3g11240) (9). Primary destabiliz-
ing residues are recognized by E3 Ub ligases of the N-end rule
pathway, called ‘‘N-recognins’’ (10–12). Although a single N-
recognin is present in S. cerevisiae (13), mammalian genomes
encode at least 4 distinct N-recognins (11, 12). In plants, 2
N-recognins, termed PROTEOLYSIS 1 (PRT1) and PRT6, have
been identified inArabidopsis (10, 14–16), but other N-recognins
are likely to be present as well (10, 16, 17).
Whereas in animals and fungi the N-end rule pathway is
known to mediate the control of diverse cellular and develop-
mental processes (4, 18–20), its functions in plants are only
beginning to emerge. Yoshida et al. (9) have demonstrated that
the R-transferase-coding gene AtATE1 is disrupted in the Ara-
bidopsis mutant delayed leaf senescence1 (dls1), in which leaf
senescence is abnormally slow. Recently, it was shown that
AtATE1 and AtATE2 are also involved in promoting seed
germination and establishment through the removal of sensitiv-
ity to the hormone abscisic acid (21). This process requires the
N-recognin PRT6 (21), which recognizes N-end rule substrates
with basic N-terminal residues, including Arg (10).
In the present study, we characterized a double mutant lacking
both of the Arabidopsis R-transferases. We describe several lines
of evidence that reveal an involvement of the arginylation branch
of the N-end rule pathway in the control of shoot and leaf
development.
Results
ate1 ate2 Mutant Plants Exhibit Abnormal Shoot and Leaf Develop-
ment. To assess the function of R-transferases in plant develop-
ment, we isolated T-DNA insertion lines (ate1-2 and ate2-1,
referred to hereafter as ate1 and ate2, respectively) for the genes
encoding the Arabidopsis R-transferases AtATE1 and AtATE2.
To test whether R-transferase activities are altered in these lines,
we used a previously validated in vitro arginylation assay (7).
Both ate1 and ate2 single mutants retained a fraction of the
wild-type arginylation activity (Fig. 2A), indicating that both
genes contribute to the pool of active R-transferase. In contrast,
no R-transferase activity was detected in extracts from ate1 ate2
double-mutant seedlings, strongly suggesting that AtATE1 and
AtATE2 encode the entire repertoire of R-transferases in Ara-
bidopsis and that the corresponding T-DNA insertions in
AtATE1 and AtATE2 resulted in functionally null mutants.
Another conclusion from the above tests was that AtATE1
accounts for a much higher fraction of the overall R-transferase
activity than AtATE2.
We compared ate1 and ate2 single mutants as well as ate1 ate2
double mutants with wild-type plants at different stages of
development and in different growth conditions. In contrast to
ate1 and ate2 single mutants, which resembled wild-type plants,
ate1 ate2 double mutants exhibited a variety of abnormal phe-
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notypes, which were observed in both short-day conditions and
continuous light, but were considerably stronger under short-day
conditions. Leaves of wild-type plants were relatively flat and
had only slightly serrated margins (Fig. 2B), whereas rosette
leaves of ate1 ate2 plants were wavy, had deeper serrations, and
were slightly lobed (Fig. 2C). The severity of the leaf defects of
ate1 ate2 mutants gradually increased, so that leaves formed
during late stages of vegetative development were much more
affected than leaves arising early. Under short-day conditions
(and, to a lesser extent, under continuous light), axillary mer-
istems of ate1 ate2 double-mutant plants produced leaves before
the transition to flowering (Fig. 2E), indicating a loss of apical
dominance compared with the wild type (Fig. 2D).
In wild-type plants, the initiation of lateral branches and
flowers follow a defined radial pattern (phyllotaxis), with in-
creases in the internode distances. In contrast to wild-type
plants, ate1 ate2 double mutants exhibited defects in both
phyllotaxis (33.3% of ate1 ate2 plants; n  36) and internode
elongation (41.7% of ate1 ate2 plants; n  36) (Fig. 2F). The
phyllotaxis defects could stem from either abnormal initiation or
growth defects that occurred after initiation (e.g., through
twisting), whereas the decrease of internode elongation could be
caused by abnormal cell elongation and/or cell division. Scan-
ning electron microscopy of mutant stems revealed patches of
small cells (Fig. 2H) that were not present in the wild type (Fig.
2G), implying that cell elongation is affected in the double
mutant. Additionally, stems of ate1 ate2 plants grown in short-
day conditions and then transferred to continuous light to
synchronously induce flowering (Fig. S1A) were significantly
shorter than those of the wild type (Fig. 2 I and J and Fig. S1B).
Treatment of the double mutant with the gibberellin GA3, which
is known to promote cell elongation (22), resulted in a partial
rescue of this defect (Fig. S1B), again suggesting abnormal cell
elongation in ate1 ate2 plants. Finally, ate1 ate2 double mutants
displayed delayed leaf senescence in the dark and reduced seed
germination rates, as described previously (9, 21).
To determine whether the abnormal phenotypes were indeed
caused by the absence ofR-transferase activity, we transformed ate1
ate2 plants with fragments of genomic DNA containing either
AtATE1 or AtATE2. Transformants (18 and 6 independent lines
for AtATE1 and AtATE2, respectively) characterized in short-day
conditions were morphologically similar to wild-type plants (Fig.
S2). We therefore conclude that the defects observed in ate1 ate2
plants are caused by the absence of R-transferase activity.
In summary, the analysis of ate1 ate2 double-mutant plants
and of the corresponding single mutants showed that AtATE1
Fig. 1. TheN-end rule pathway inmammals and plants. N-terminal amino acid
residuesare indicatedby single-letterabbreviations.Yellowovalsdenote the rest
of a protein substrate. Primary, secondary, and tertiary denote distinct subsets of
destabilizing N-terminal residues. C* represents oxidized Cys. Primary destabiliz-
ingresiduesarerecognizedinmammalsbyN-recogninsoftheUBRfamily (11,12).
In plants, aromatic hydrophobic type-2 residues are recognized by PRT1 (16),








Fig. 2. AtATE1 andAtATE2 act redundantly in the control of plant development. (A) Loss of R-transferase activity in ate1 ate2mutant seedlings. R-transferase
activities in different mutant backgrounds were examined in vitro. The assay measures the conjugation of [3H]Arg to bovine -lactalbumin, which bears
N-terminal Glu, a substrate of R-transferases. Wild-type R-transferase activity was set to 100%. Activities are represented as a percentage of wild-type activity.
Error bars represent standard errors calculated based on 6 independent measurements obtained with 2 different protein extracts. (B and C) Cleared wild-type
(B) and ate1 ate2 double-mutant (C) leaves from plants grown in short-day conditions. Note the lobes and wavy leaf margins in C. (D and E) Wild-type (D) and
ate1 ate2 double-mutant (E) plants grown for 3months in short-day conditions. The ate1 ate2mutants show early outgrowth of axillary meristems, as indicated
by the formation of leaves in the axils of rosette leaves (arrowheads). (F) Phyllotaxis (red arrows) and internode elongation defects (yellow arrow) in ate1 ate2
double mutants. (G and H) Scanning electron micrograph of part of a stem from a wild-type (G) and an ate1 ate2 plant (H), respectively. Note the presence of
patches of small cells in the doublemutant. (Scale bars: 500m.) (I and J)Wild-type and ate1 ate2mutant plantswere grown in short-day conditions for 2months
and transferred to continuous light for a synchronous induction of flowering (see Fig. S1A). After transfer to inducing conditions, stems of ate1 ate2
double-mutant plants (J) exhibited reduced elongation compared with those of the wild type (I). The arrow in J points to an inflorescence with mature flowers.
Pictures were taken 19 days after transfer to continuous light.










and AtATE2 act in a redundant manner and control various
processes during leaf and shoot development.
AtATE1 and AtATE2 Have Similar Expression Patterns. To survey the
expression patterns of AtATE1 and AtATE2, we used genomic
fragments that allowed complementation of the ate1 ate2 double
mutant to construct translational -glucuronidase (GUS) re-
porters. A total of 6 of 7 and 2 of 4 independent transformants
obtained for AtATE1 and AtATE2 reporter constructs, respec-
tively, showed strong GUS-specific staining. A detailed analysis
of the reporter lines indicated that AtATE1 and AtATE2 have
similar expression patterns (Fig. 3 and Fig. S3), which is con-
sistent with the functional redundancy of the two R-transferases.
In seedlings, we detected GUS activity for both reporter lines in
the root apex, in emerging lateral root primordia, as well as in
the shoot apex and in young leaves (Fig. 3 A–C and Fig. S3). In
older plants, we observed GUS activity in expanding leaves, with
a stronger staining in veins and hydathodes (Fig. 3D). After the
transition to flowering, we detected GUS-specific staining in the
inflorescence stem, in the axils of lateral branches and flowers
(Fig. S3), and in young floral buds and mature flowers (Fig. 3 E
and F). Although AtATE1 and AtATE2 have similar expression
patterns throughout most of plant development, differences
were found in mature flowers, in which AtATE2 was expressed
in mature pollen grains (Fig. 3F), in contrast to AtATE1
(Fig. 3E).
In summary, AtATE1 and AtATE2 are most strongly ex-
pressed in tissues that are characterized by rapid growth, in good
agreement with the phenotypic alterations in ate1 ate2 double-
mutant plants.
ate1 ate2 Mutant Phenotypes Are Due to a Disruption of the N-End
Rule Pathway. It is possible that the functions of R-transferases
are not confined to the N-end rule pathway, in that N-terminal
arginylation of some proteins may alter their functional activity
without a change in their in vivo half-life (23). To test this
possibility, we analyzed 3 mutant alleles of the previously
identified N-recognin PRT6, which recognizes N-end rule sub-
strates with N-terminal basic residues and should function
downstream of R-transferases (Fig. 1) (10, 21). If some or all of
the ate1 ate2 phenotypes were indeed caused by a disruption of
the arginylation branch of the N-end rule pathway, then the prt6
mutant alleles should show similar phenotypic alterations. In
agreement with this idea, we found that prt6 mutants resembled
ate1 ate2 double mutants in that they showed comparable defects
in the development of shoots and leaves (Fig. 4 and Fig. S4).
These phenotypes were weaker than those of the ate1 ate2 double
mutant, although 2 of the alleles tested (prt6-1 and prt6-5) are
likely null mutants (the predicted gene product in these lines
lacks the functionally essential RING domain). Because the set
of known Arabidopsis N-recognins is probably incomplete (10),
it is possible that another (as yet unidentified) N-recognin could
partially compensate for the loss of PRT6 function. To further
address functional links between PRT6 and R-transferases, we
constructed an ate1 ate2 prt6-5 triple mutant. The resulting
plants (Fig. 4 D, H, and L) resembled ate1 ate2 double mutants
(Fig. 4 C, G, and K), further supporting the idea that all 3
proteins act in the same pathway, and that the phenotypic
alterations observed in ate1 ate2 mutant plants are the result of
impaired protein degradation by the N-end rule pathway. This
interpretation is also in agreement with a recent study that
showed the involvement of AtATE1/AtATE2 and PRT6 in the
control of Arabidopsis seed germination and establishment (21).
Misexpression of BP in Leaves of ate1 ate2 Double-Mutant Plants. To
obtain insights into the molecular mechanisms through which
R-transferases control plant development, we focused on their
function during leaf formation. As described above, leaves of
ate1 ate2 double-mutant plants were serrated, mildly lobed, and
wavy. Similar phenotypic alterations have been described for
other Arabidopsis mutants, and in some of these cases the leaf
margin defects correlate with misexpression of the meristem-
promoting gene BREVIPEDICELLUS (BP), which belongs to
the family of class I KNOTTED-like homeobox (KNOX) genes
(24–26). To test whether BP is misexpressed in ate1 ate2 double-
mutant plants, we crossed a previously described BP reporter
line (BP:GUS; ref. 26) into the ate1 ate2 double-mutant back-
ground. In agreement with the known BP expression pattern, we
detected GUS activity in the shoot apex and the hypocotyl of
wild-type and ate1 ate2 seedlings, but never in the leaves of
A D FE
B C
Fig. 3. Expression patterns ofAtATE1 andAtATE2.AtATE1 andAtATE2GUS
translational fusions were introduced into wild-type plants. T2 and T3 plants
were stained at different stages of development to detect GUS expression.
(A–D) AtATE1 reporter activity was detected in 5-day-old seedlings (A), espe-
cially in root (B) and shoot (C) apices, as well as in the vasculature and in
hydathodes (arrow) of more mature leaves (D). (E and F) In flowers, AtATE1
reporter activity was found mainly in carpels and the connective tissue of














Fig. 4. Phenotypes of ate1 ate2 plants result from a disruption of the N-end
rule pathway. Pictures of 70-day-old plants grown in short-day conditions.
(A–D) Inprt6-5 (B), ate1 ate2 (C), and ate1 ate2 prt6-5plants (D), but not in the
wild type (A), leaves formed in the axils of rosette leaves (arrows), indicating
loss of apical dominance. (E–L) Contrary to leaves from the wild type (E and I),
the leaf margins of prt6-5 (F and J), ate1 ate2 (G and K), and ate1 ate2 prt6-5
plants (H and L) were lobed and wavy (arrowheads). The leaves shown in I–L
were cleared.
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wild-type plants (Fig. 5A). In contrast, in leaves of ate1 ate2
double mutants, we observed staining at the tips of the leaf
margin serrations (Fig. 5 B and C), indicating that BP is
misexpressed in the absence of R-transferase activity. BP ex-
pression in serration tips has also been described for several
other mutants with abnormal leaf margins, including asymmetric
leaves1 (as1), auxin resistant1 (axr1), and the sawtooth1/2 double
mutant (24–26).
To address the role of BPmisexpression in ate1 ate2 plants, we
constructed an ate1 ate2 bp-1 triple mutant. Leaves of the triple
mutant (Fig. 5F) resembled those of ate1 ate2 double-mutant
plants (Fig. 5E), indicating that BP is not essential for the
formation of abnormal leaf margins in the absence of R-
transferases, and that it might act redundantly with additional
(KNOX) genes (see Discussion).
R-Transferases Act Redundantly with AS1 and Independently of Auxin
in Leaf Development. Genes known to be involved in the repres-
sion of BP in Arabidopsis leaves include components of the AS1
transcription factor complex (27) and genes that mediate the
response to auxin. Genetic evidence suggests that these pathways
act in a partially redundant manner in the control of leaf
development (24). To determine whether the R-transferases
regulate leaf development in conjunction with one or both of
these pathways, we constructed triple-mutant combinations be-
tween ate1 ate2 and mutant alleles of genes known to be involved
in the repression of BP in leaves. For the first of these triple
mutants, we used the AS1 allele as1-1. Leaves of as1-1 mutants
are asymmetric, lobed, and curl abaxially (28) (Fig. 6 A and C).
In contrast, leaves of ate1 ate2 as1-1 triple-mutant plants fre-
quently formed 1 or 2 leaflets in the proximal region of the leaf
(Fig. 6 D and E), whereas the distal part appeared to be
unaffected. As in as1-1 (26) and ate1 ate2 mutants, the strength
of these phenotypes increased with time so that late-arising
leaves were more strongly affected than early-arising leaves (Fig.
6 B, D, and E). The appearance of leaflets in the ate1 ate2 as1-1
triple mutant, which were not observed in either of the parental
lines, suggests that the R-transferases and AS1 act in partially
overlapping pathways that control leaf development.
Scanning electron microscopy carried out with leaves of ate1
ate2 and ate1 ate2 as1-1 plants did not reveal the presence of
ectopic stipules (Fig. S5), which is a characteristic of BP over-
expression (29). However, leaves of as1-1 plants, in which BP is
broadly expressed, also lack ectopic stipules (24). Therefore,
other factors involved in the formation of ectopic stipules (e.g.,




Fig. 5. BP is expressed in leaves of ate1 ate2 plants but is not required for the
leaf morphology defects. A BP::GUS reporter (26) was crossed into the ate1
ate2mutant background, and BP expression was monitored in plants grown
in continuous light. (A–C) Whereas no BP::GUS reporter activity was detected
in wild-type leaves (A), GUS staining was observed in the serration tips of
mature ate1 ate2 leaves (B and C). (C) Close-up on the leaf margin of the leaf
shown in B (area indicated by a blue rectangle). (D–F) In contrast to bp-1 (D),
leaf margins of ate1 ate2 bp-1 triple-mutant plants (F) are lobed and wavy,
similar to those of ate1 ate2 mutants (E). The leaves shown in D–F were










Fig. 6. R-transferases act together with AS1, but independently of auxin, to
regulate leaf development. (A–E) Synergistic genetic interaction between
ate1 ate2andas1-1. Plantsweregrown in short-day conditions for 2.5months.
(A and B) Leaf series of as1-1 and ate1 ate2 as1-1 plants, respectively, starting
from leaf 15 upward. Arrowheadsmark leaveswith leaflets. (C–E) Close-up on
leaves from the leaf series presented in A and B (indicated by asterisks),
showing an as1-1 leaf (C) and ate1 ate2 as1-1 leaves with leaflets (D and E). (E)
A late-arising leaf. (F and G) Mature leaf of an axr1-3 single mutant (F) and of
anate1ate2axr1-3 triplemutant (G), showingamore strongly lobedandwavy
margin in the triple mutant. Pictures of 4-month-old plants grown in short
days. (H and I) DR5:GUS reporter activity in the wild-type (H) and ate1 ate2
mutant (I) plants. The activity of the DR5:GUS reporter was monitored by
staining 5-day-old seedlings grown in long-day conditions. (J) A working
model for the functions of R-transferases in the regulation of leaf develop-
ment. AS1 and auxin act together in the control of leaf development (indi-
cated by the green area) and repress BP expression (37). Misexpression of BP
in leaves of ate1 ate2 double-mutant plants implies that AtATE1/AtATE2 also
act as negative regulators of BP. Moreover, the synergistic interaction be-
tween ate1 ate2 and as1-1 suggests that R-transferases and AS1 regulate
common processes during leaf development (indicated by the blue sector).
The absence of synergism between ate1 ate2 and axr1-3 further implies that
R-transferases and auxin regulate leaf development independently.










pensate for the loss of both AS1 and R-transferases in ate1 ate2
as1-1 plants.
Next, we constructed a triple mutant between ate1 ate2 and a
mutant allele for SERRATE (SE), which is thought to regulate
cellular competence for KNOX gene expression (26, 30). In
contrast to the synergistic interaction observed between se-1 and
as1-1 (26), ate1 ate2 se-1 triple-mutant plants showed an additive
phenotype (Fig. S6), which could be a consequence of the
spatially limited BP expression domain in ate1 ate2 leaves, in
comparison with the relatively broad expression pattern of BP in
leaves of as1-1 plants.
To address the interplay between auxin and the R-transferases
in leaf development, we constructed a triple mutant between ate1
ate2 and a mutant allele for the AXR1 gene. AXR1 regulates the
activity of SCF-type E3 ubiquitin ligases, including that of the
SCF-TIR1 auxin receptor complex (2, 31). Although AXR1 is
thought to be involved in many signaling pathways (32, 33), it has
been shown that the leaf defects of axr1 mutants, which exhibit
irregular and mildly lobed margins (Fig. 6F), are caused by a
reduction in auxin response (24). Leaves of ate1 ate2 axr1-3
triple-mutant plants were slightly more affected than those of the
parental lines (Fig. 6G and Fig. S7A), but no qualitatively new
phenotypes were observed. Other mutant phenotypes of axr1-3
and ate1 ate2 plants, such as a reduction in apical dominance, also
appeared to be additive in the triple mutant (Fig. S7B).
Because axr1-3 is an intermediate allele that retains some
auxin response activity (31), the observed additive interaction
could stem either from independent roles of R-transferases and
auxin in the control of leaf development, or from a further
reduction of auxin signaling in the triple mutant, owing to a loss
of R-transferase function. To test the latter possibility, we first
determined the effects of the synthetic auxin 2,4-dichlorophe-
noxyacetic acid (2,4-D) on the inhibition of root elongation in
wild-type, axr1-3, ate1 ate2, and ate1 ate2 axr1-3 seedlings. As
previously described (31), axr1-3 mutants exhibited a strongly
reduced sensitivity to 2,4-D in comparison with wild-type plants
(Fig. S7C), whereas ate1 ate2 double mutants appeared to be
slightly hypersensitive. The response of ate1 ate2 axr1-3 plants to
2,4-D resembled that of axr1-3 single mutants (Fig. S7C). These
results suggest that auxin responses are not generally reduced in
plants lacking R-transferases. To test auxin responses specifically
in leaves, we crossed the synthetic auxin response reporter
DR5:GUS (34) into the ate1 ate2 double-mutant background.
Staining of seedlings showed that the overall levels of GUS
activity were similar in the wild type (Fig. 6H) and in ate1 ate2
plants (Fig. 6I), although minor differences in the pattern of
GUS activity were occasionally observed. We also measured
auxin levels in ate1 ate2 double-mutant and in wild-type plants
and found no significant differences (Fig. S7D).
Taken together, the results of our genetic analyses suggest that
R-transferases act independently of auxin but redundantly with
AS1 in the control of leaf development.
Discussion
The results of the present work indicate that the R-transferases
AtATE1 and AtATE2 act in a redundant manner to control
diverse processes during Arabidopsis leaf and shoot develop-
ment. We also found that the N-recognin PRT6, which acts
downstream of R-transferases (Fig. 1), mediates at least some of
their biological effects. Together, our findings strongly suggest
that the mutant phenotypes of ate1 ate2 plants are caused by
accumulation of specific, not yet identified proteins that are
normally arginylated and degraded by the N-end rule pathway.
In addition to its functions in shoot and leaf development, the
arginylation branch of the Arabidopsis N-end rule pathway has
also been shown to regulate seed germination and establishment,
as well as leaf senescence (9, 21). Because only a subset of all
N-end rule substrates is targeted by the arginylation branch (Fig.
1), it is likely that the functional span of the plant N-end rule
pathway is comparable to that in animals and fungi. Discovering
physiological substrates of the plant N-end rule pathway will be
essential for a detailed understanding of its functions. Despite
the broad range of known functions of the N-end rule pathway
in eukaryotes and a large number of putative substrates, there
are currently only 10 confirmed substrates (6), in part because
methods for a systematic discovery of such substrates remain to
be developed.
To obtain insights into the mechanisms underlying the func-
tion of R-transferases in plants, we have started to dissect their
role in leaf development. We found that the KNOX gene BP is
misexpressed in the leaves of ate1 ate2 mutants, suggesting that
AtATE1 and AtATE2 control leaf shape in part by repressing BP
expression. Previous studies have shown that KNOX genes are
main determinants of leaf shape in diverse plant species (35–37)
and are required for the formation of dissected leaves (35, 37).
In the simple leaves of Arabidopsis, BP and other KNOX genes
are repressed through the interplay of multiple pathways. The
AS1 transcription factor complex plays a key role in this process
(38, 39). Genetic analyses suggest that the AS1-dependent
pathway acts in a partially redundant manner together with auxin
to control leaf development (24). Specifically, it has been shown
that BP is misexpressed in mutants of the auxin response gene
AXR1. Furthermore, axr1 as1 double mutants show synergistic
interactions. Thus, auxin and AS1 functions appear to converge
to repress BP expression in leaves (24). Notably, as in the case
of ate1 ate2 (Fig. 5 D–F), the removal of BP activity does not
rescue the leaf defects of as1 or axr1 mutants, suggesting an
involvement of additional KNOX genes or KNOX-independent
pathways in the formation of abnormal leaf margins (24, 38).
To test whether R-transferases might act together with AS1
and/or auxin in the control of leaf development, we constructed
ate1 ate2 as1 and ate1 ate2 axr1 triple mutants. Although we
observed a synergistic genetic interaction between ate1 ate2 and
as1, ate1 ate2 and axr1 appeared to be additive, suggesting that
R-transferases and auxin have largely nonoverlapping functions,
apart from their common role in repressing BP expression
together with AS1. This idea is supported by the different leaf
phenotypes of axr1 as1 and ate1 ate2 as1mutant plants. Whereas
the former have deeply lobed leaf margins (24), ate1 ate2 as1
triple mutants often form leaflets only in the proximal region of
the leaf (Fig. 6 B, D, and E). Given the findings described above,
we suggest a model (Fig. 6J) in which the N-end rule pathway
acts independently of auxin but shares common functions with
the AS1 transcription factor complex in the control of leaf
development.
Materials and Methods
Plant Growth Conditions and Plant Transformation. Plants were grown on a
soil–vermiculite–perlite (5:3:2) mixture at 20 °C, with cool white fluorescent
light under constant illumination, in short-day (8 h of light and 16 h of
darkness) or in long-day conditions (16 h of light and 8 h of darkness).
Agrobacterium-mediated plant transformation and selection of transfor-
mants was carried out as described in SI Materials and Methods.
Isolation of T-DNA Insertions and Construction of Mutant Lines. The ate1-2
(SALK023492), ate2-1 (SALK040788), and prt6-5 (SALK051088) mutants were
isolated from the SALK T-DNA collection. The presence of T-DNA insertions and
mutations was verified as described in Table S1 and SI Materials and Methods.
In Vitro Enzymatic Assays of R-Transferases. Seven-day-old seedlings grown
on 0.5  MS plates under continuous light were used to extract proteins
and measure R-transferase activity in different mutant backgrounds, as
well as in the wild type. The incorporation of [3H]Arg to bovine -lactal-
bumin, a protein bearing N-terminal Glu, was monitored as detailed in SI
Materials and Methods.
13622  www.pnas.orgcgidoi10.1073pnas.0906404106 Graciet et al.
2,4-D and GA3 Experiments. Surface-sterilized seeds were sowed on 0.5  MS
plates and germinated in long-day conditions. Four days after germination,
seedlings were transferred to 0.5  MS plates supplemented with 2,4-D
(Sigma–Aldrich) and grown vertically for 4 days.
For GA3 (Duchefa) treatments, plants were sprayed every 3 days with a 100
M GA3 solution containing 0.02% Tween-20, or with a mock solution.
Indoleacetic Acid (IAA) ContentMeasurement.Apices of 2-month-old short-day
grown plants including young leaves (100 mg per sample) were collected in
100% methanol (HPLC grade; Sigma–Aldrich), and IAA was extracted as
described previously (40) and in SI Materials and Methods.
GUS Translational Reporters and AtATE1 and AtATE2 Rescuing Constructs. GUS
translational reporters and rescuing constructsweremadeas detailed in Table
S2 and SI Materials and Methods.
ACKNOWLEDGMENTS. We thank members of our laboratories for helpful
discussions, Dr. T. Kavanagh for sharingequipment, andDrs. J. LongandP.Das
for comments on the manuscript. This study was supported by Science Foun-
dation Ireland Grant 07/RFP/GEN/F438 (to F. Wellmer), National Institutes of
Health Grants GM31530 and DK39520 (to A.V.), and U.S. Department of
Energy Grant DE-FG02-88ER13873 (to E.M.M.). E.G. was supported by fellow-
ships from the Human Frontier Science Program and the EuropeanMolecular
Biology Organization.
1. Bachmair A, Varshavsky A (1989) The degradation signal in a short-lived protein. Cell
56:1019–1032.
2. Moon J, Parry G, Estelle M (2004) The ubiquitin-proteasome pathway and plant
development. Plant Cell 16:3181–3195.
3. Bachmair A, Finley D, Varshavsky A (1986) In vivo half-life of a protein is a function of
its amino-terminal residue. Science 234:179–186.
4. Varshavsky A (1996) The N-end rule: Functions, mysteries, uses. Proc Natl Acad Sci USA
93:12142–12149.
5. Hu RG, et al. (2005) The N-end rule pathway as a nitric oxide sensor controlling the
levels of multiple regulators. Nature 437:981–986.
6. Varshavsky A (2008) Discovery of cellular regulation by protein degradation. J Biol
Chem 283:34469–34489.
7. Kwon YT, et al. (2002) An essential role of N-terminal arginylation in cardiovascular
development. Science 297:96–99.
8. Kwon YT, Kashina AS, Varshavsky A (1999) Alternative splicing results in differential
expression, activity, and localization of the two forms of arginyl-tRNA-protein trans-
ferase, a component of the N-end rule pathway. Mol Cell Biol 19:182–193.
9. Yoshida S, Ito M, Callis J, Nishida I, Watanabe A (2002) A delayed leaf senescence
mutant is defective in arginyl-tRNA:protein arginyltransferase, a component of the
N-end rule pathway in Arabidopsis. Plant J 32:129–137.
10. GarzonM, et al. (2007) PRT6/At5g02310 encodes anArabidopsis ubiquitin ligase of the
N-end rule pathway with arginine specificity and is not the CER3 locus. FEBS Lett
581:3189–3196.
11. Tasaki T, et al. (2005) A family of mammalian E3 ubiquitin ligases that contain the UBR
box motif and recognize N-degrons. Mol Cell Biol 25:7120–7136.
12. Tasaki T, et al. (2009) The substrate recognition domains of the N-end rule pathway.
J Biol Chem 284:1884–1895.
13. Xia Z, et al. (2008) Substrate-binding sites of UBR1, the ubiquitin ligase of the N-end
rule pathway. J Biol Chem 283:24011–24028.
14. Bachmair A, Becker F, Schell J (1993) Use of a reporter transgene to generate Arabi-
dopsis mutants in ubiquitin-dependent protein degradation. Proc Natl Acad Sci USA
90:418–421.
15. Potuschak T, et al. (1998) PRT1 of Arabidopsis thaliana encodes a component of the
plant N-end rule pathway. Proc Natl Acad Sci USA 95:7904–7908.
16. Stary S, et al. (2003) PRT1 of Arabidopsis is a ubiquitin protein ligase of the plant N-end
rule pathway with specificity for aromatic amino-terminal residues. Plant Physiol
133:1360–1366.
17. Worley CK, Ling R, Callis J (1998) Engineering in vivo instability of firefly luciferase and
Escherichia coli beta-glucuronidase in higher plants using recognition elements from
the ubiquitin pathway. Plant Mol Biol 37:337–347.
18. Tasaki T, Kwon YT (2007) The mammalian N-end rule pathway: New insights into its
components and physiological roles. Trends Biochem Sci 32:520–528.
19. HuRG,WangH, Xia Z, VarshavskyA (2008) TheN-end rule pathway is a sensor of heme.
Proc Natl Acad Sci USA 105:76–81.
20. Hwang CS, Shemorry A, Varshavsky A (2009) Two proteolytic pathways regulate DNA
repair by cotargeting the Mgt1 alkylguanine transferase. Proc Natl Acad Sci USA
106:2142–2147.
21. Holman TJ, et al. (2009) The N-end rule pathway promotes seed germination and
establishment through removal of ABA sensitivity in Arabidopsis. Proc Natl Acad Sci
USA 106:4549–4554.
22. Cleland CF, Zeevaart JA (1970) Gibberellins in relation to flowering and stem elonga-
tion in the long day plant Silene armeria. Plant Physiol 46:392–400.
23. KarakozovaM,et al. (2006)Arginylationofbeta-actin regulates actin cytoskeletonand
cell motility. Science 313:192–196.
24. Hay A, Barkoulas M, Tsiantis M (2006) ASYMMETRIC LEAVES1 and auxin activities
converge to repress BREVIPEDICELLUS expression and promote leaf development in
Arabidopsis. Development 133:3955–3961.
25. Kumar R, et al. (2007) The Arabidopsis BEL1-LIKE HOMEODOMAIN proteins SAW1 and
SAW2act redundantly to regulateKNOXexpression spatially in leafmargins. Plant Cell
19:2719–2735.
26. Ori N, EshedY, ChuckG, Bowman JL, Hake S (2000)Mechanisms that control knox gene
expression in the Arabidopsis shoot. Development 127:5523–5532.
27. GuoM, Thomas J, Collins G, Timmermans MC (2008) Direct repression of KNOX loci by
the ASYMMETRIC LEAVES1 complex of Arabidopsis. Plant Cell 20:48–58.
28. Byrne ME, et al. (2000) Asymmetric leaves1 mediates leaf patterning and stem cell
function in Arabidopsis. Nature 408:967–971.
29. Chuck G, Lincoln C, Hake S (1996) KNAT1 induces lobed leaves with ectopic meristems
when overexpressed in Arabidopsis. Plant Cell 8:1277–1289.
30. Grigg SP, Canales C, Hay A, Tsiantis M (2005) SERRATE coordinates shoot meristem
function and leaf axial patterning in Arabidopsis. Nature 437:1022–1026.
31. Lincoln C, Britton JH, EstelleM (1990) Growth and development of the axr1mutants of
Arabidopsis. Plant Cell 2:1071–1080.
32. Nakamura A, et al. (2003) AXR1 is involved in BR-mediated elongation and SAUR-AC1
gene expression in Arabidopsis. FEBS Lett 553:28–32.
33. Tiryaki I, Staswick PE (2002) An Arabidopsis mutant defective in jasmonate response is
allelic to the auxin-signaling mutant axr1. Plant Physiol 130:887–894.
34. Ulmasov T,Murfett J, HagenG, Guilfoyle TJ (1997) Aux/IAAproteins repress expression
of reporter genes containing natural and highly active synthetic auxin response
elements. Plant Cell 9:1963–1971.
35. HarevenD,Gutfinger T, Parnis A, EshedY, Lifschitz E (1996) Themakingof a compound
leaf: Genetic manipulation of leaf architecture in tomato. Cell 84:735–744.
36. Hay A, et al. (2002) The gibberellin pathway mediates KNOTTED1-type homeobox
function in plants with different body plans. Curr Biol 12:1557–1565.
37. Hay A, Tsiantis M (2006) The genetic basis for differences in leaf form between
Arabidopsis thaliana and its wild relative Cardamine hirsuta. Nat Genet 38:942–947.
38. Byrne ME, Simorowski J, Martienssen RA (2002) ASYMMETRIC LEAVES1 reveals knox
gene redundancy in Arabidopsis. Development 129:1957–1965.
39. Lin WC, Shuai B, Springer PS (2003) The Arabidopsis LATERAL ORGAN BOUNDARIES-
domain gene ASYMMETRIC LEAVES2 functions in the repression of KNOX gene ex-
pression and in adaxial-abaxial patterning. Plant Cell 15:2241–2252.
40. Pollmann S, Duchting P,Weiler EW (2009) Tryptophan-dependent indole-3-acetic acid
biosynthesis by ‘IAA-synthase’ proceeds via indole-3-acetamide. Phytochemistry
70:523–531.
Graciet et al. PNAS  August 11, 2009  vol. 106  no. 32  13623
PL
A
N
T
BI
O
LO
G
Y
